Various reagents commonly used to enumerate viable helminth eggs from wastewater and sludge were evaluated for their potential to inactivate Ascaris eggs under typical laboratory conditions. Two methods were used to enumerate indigenous Ascaris eggs from sludge samples. All steps in the methods were the same except that in method I a phase extraction step with acid-alcohol (35% ethanol in 0.1 N H 2 SO 4 ) and diethyl ether was used whereas in method II the extraction step was avoided by pouring the sample through a 38-m-mesh stainless steel sieve that retained the eggs. The concentration of eggs and their viability were lower in the samples processed by method I than in the samples processed by method II by an average of 48 and 70%, respectively. A second set of experiments was performed using pure solutions of Ascaris suum eggs to elucidate the effect of the individual reagents and relevant combination of reagents on the eggs. The percentages of viable eggs in samples treated with acid-alcohol alone and in combination with diethyl ether or ethyl acetate were 52, 27, and 4%, respectively, whereas in the rest of the samples the viability was about 80%. Neither the acid nor the diethyl ether alone caused any decrease in egg viability. Thus, the observed inactivation was attributed primarily to the 35% ethanol content of the acid-alcohol solution. Inactivation of the eggs was prevented by limiting the direct exposure to the extraction reagents to 30 min and diluting the residual concentration of acid-alcohol in the sample by a factor of 100 before incubation. Also, the viability of the eggs was maintained if the acid-alcohol solution was replaced with an acetoacetic buffer. None of the reagents used for the flotation step of the sample cleaning procedure (ZnSO 4 , MgSO 4 , and NaCl) or during incubation (0.1 N H 2 SO 4 and 0.5% formalin) inactivated the Ascaris eggs under the conditions studied.
The class of organisms known as helminths that are of direct concern to public health include the intestinal parasitic worms. It is estimated that 1.5 billion, 1.3 billion, and 1.0 billion persons are infected by human roundworm (Ascaris lumbricoides), human hookworm (Ancylostoma duodenale and Necator americanus), and human whipworm (Trichuris trichiura), respectively (10) . Wastewater that is contaminated by the eggs of these species, as well as the sludge produced during wastewater treatment, may contribute to the transmission of helminth infections by dispersing the eggs in the environment. To prevent such transmission, the concentration of helminth eggs in wastewater and sludge is regulated in many countries, particularly if the treated products are to be reused beneficially in agriculture (21, 23, 25) . However, there is little consensus among researchers, regulators, and practitioners about the most reliable method for measuring helminth eggs in environmental samples.
Current techniques for enumerating viable helminth eggs in wastewater and sludge typically have two parts: (i) concentrating the eggs and separating them from other particulate matter in the sample, and (ii) counting and determining the viability of the eggs in the cleaned sample by direct microscopy. Most techniques use a series of steps, such as sedimentation, filtration through one or more sieves, density flotation, and phase extraction to separate the eggs from other material in the sample so that the eggs can be more easily identified and counted under the microscope. Before the eggs are counted, the samples are incubated under aerobic conditions for about 1 month at 26 to 30°C, during which time an infective larva develops inside viable eggs (2, 7) . Typically, the sample is incubated in an antimicrobial solution that prevents the growth of other organisms, especially fungi, that may interfere with egg development. Following incubation, the samples are observed under a light microscope and the number of eggs with and without larvae are counted.
Two widely used helminth methods are the standard U.S. Environmental Protection Agency (EPA) method (22) and that recommended by the World Health Organization (3); numerous other variations have also been reported in the literature. A revised version of the U.S. EPA method was recently published (23) ; this method has yet to undergo validation and contains several problematic steps, some of which are addressed in this paper. Several researchers have evaluated the recovery efficiency of different methods (4, 8 ; B. Jimenez, C. Maya, and J. Schwartzbrod, submitted for publication); however, validating the methods also requires ensuring that the viability of the eggs is not adversely affected by any of the treatment steps.
A wide range of reagents have been reported in the literature for use in isolating helminth eggs from environmental samples. Sludge and compost samples are often blended in a detergent solution of Tween 80 or Linbro 7X at the start of the procedure to increase the separation of eggs from other wastewater solids (17, 20, 23) . After the sample is passed through a coarse sieve to remove large solids, density flotation is used to separate the helminth eggs, which float on top of the highdensity solution, from heavier solids. The solutions used for density flotation include ZnSO 4 (3, 22) , MgSO 4 (17, 23) , and NaCl (13) . The purpose of the next step, phase extraction, is to remove lipid-soluble and ether-absorbing material from the sample (6). Lipophilic and hydrophilic reagents are added to the sample and rapidly partition into two phases; a plug of waste material forms between the phases, and the Ascaris eggs are concentrated in the bottom of the tube. The reagents used for the lipophilic solution in the extraction step include diethyl ether and ethyl acetate (3, 13, 18, 23) . The reagents used for the hydrophilic part of the extraction step include a mixture of H 2 SO 4 and ethanol (22) and acetoacetic buffer (3). The most common incubation solutions include 0.1 N H 2 SO 4 (22) and 0.5% formalin (17) . In addition, a bleach treatment has been used to remove the sticky outer layer of the eggshell (7, 16) , to decolorize the eggs to make determination of their developmental stage easier (9), or to induce larval mobility in already developed eggs (19) .
Some of these reagents appear to have a negative impact on the viability of the helminth eggs. It has been reported that ZnSO 4 is toxic to eggs (13) , that soaking in MgSO 4 overnight may inactivate embryonated eggs (19) , that eggs incubated in 1% formalin showed retarded development compared to those incubated in water or 0.1 N H 2 SO 4 (16) , and that the viability of eggs decreased after phase extraction with acid-alcohol and diethyl ether (17) . Nonetheless, quantitative data on the effects of the various reagents have not been published.
The objective of this research was to evaluate the effect of commonly used reagents, including those recommended by the U.S. EPA method (22, 23) , on the viability of Ascaris eggs under typical laboratory conditions. The study focused on the eggs of Ascaris because they are usually present in the highest concentrations in wastewater and sludges and are also the most resistant to inactivation (12) .
MATERIALS AND METHODS
The first set of experiments was conducted using sludge samples that contained indigenous Ascaris eggs (presumably A. lumbricoides) to determine if the reagents in the U.S. EPA procedure have the potential to inactivate eggs under typical laboratory conditions. Then, to isolate the effect of each individual reagent or relevant combination of reagents on the viability of the eggs, a second set of experiments was performed using pure solutions of Ascaris suum eggs collected from the intestines of infected pigs. In addition to the reagents used in the first set of experiments, several other reagents reported in the literature were tested.
Although genetic differences have recently been identified between the adult worms of A. suum, which infects pigs, and A. lumbricoides, which infects humans, and some degree of host specificity has been demonstrated, it is not yet clear that they represent distinct species (1, 26) . To date, no morphological or physiological difference has been observed between eggs from the two hosts. Thus, A. suum eggs are commonly used as a model for A. lumbricoides eggs because they are easier to obtain in large quantities. In terms of the source of the eggs, eggs dissected from the intestines of mature female worms and eggs isolated from feces are similar in terms of their infectivity and inactivation (14, 16) . Nevertheless, some doubt remains as to whether the eggshell becomes more resistant to environmental conditions after exposure to intestinal contents due to a "tanning" process (24) . Therefore, the eggs used in the second set of experiments were concentrated from the intestines of infected pigs. These eggs are believed to adequately reflect the properties of eggs in feces but have the advantage that no chemicals were used to concentrate them.
Eggs from sludge samples. Thirteen independent sludge samples were obtained from different locations in the sludge layer of a municipal wastewater stabilization pond in Mexicaltzingo, Mexico (South of Toluca in Mexico State). The samples were stored at 4°C until analysis. Two different methods were used to enumerate Ascaris eggs in each sample ( Table 1 ). The first three steps (sedimentation, sieving, and flotation) were the same for all samples and were based on the U.S. EPA method (22) . Two replicates from each sludge sample were processed through the flotation step, after which one sample was processed by method I (phase extraction) and one was processed by method II (sieving). Note that the phase extraction step is part of both the 1992 and 1999 U.S. EPA methods whereas the sieving step is included only in the 1999 method.
The total solids concentration in the sludge samples ranged from 60 to 250 g/liter, as determined by Standard Method 2540 G (11) . For all samples, a wet weight of sample approximately equivalent to 2 g of dry sludge was weighed and blended with 100 ml of 0.1% Tween 80 for 1 min, rinsed with 1 liter of distilled water into a 2-liter container, and left to settle overnight. The supernatant was removed by aspiration, and the sediment was poured through a 160-m sieve to remove coarse solids. The filtrate was left to settle overnight, after which the supernatant was removed by aspiration. The sediment was recovered in a 200-ml centrifuge bottle and centrifuged, and the supernatant was removed by aspiration. For the flotation step, 150 ml of ZnSO 4 solution (specific gravity, 1.2) was added to the recovered sediment and the samples were thoroughly mixed and centrifuged. All centrifugations in the procedure were performed at 1,000 ϫ g for 5 min.
After this point, the two different methods were used. For method I, the flotation supernatant was recovered in a 2-liter container and 1 liter of distilled water was added to reduce the specific gravity. After settling overnight, the supernatant was removed by aspiration and the sediment was transferred to a 50-ml centrifuge tube and centrifuged, and the supernatant was aspirated, leaving 5 ml of sample. (A 5-ml volume corresponds to approximately 2 mm of liquid volume above the cone of a 50-ml centrifuge tube. Because some eggs were observed to collect on the walls of the cone, it was decided that removing any additional supernatant could involve removal of eggs from the sample. In the U.S. EPA procedure, the volume of sample remaining after supernatant aspiration is not specified.) Then, 15 ml of acid-alcohol (0.1 N H 2 SO 4 in 35% ethanol) and 10 ml of diethyl ether or ethyl acetate were added. The samples were shaken vigorously for 2 min and centrifuged, during which time each sample separated into two distinct phases. The diethyl ether or ethyl acetate floated on top of the acid-alcohol, and a plug of material formed at the interface. The sediment containing the eggs formed a pellet in the bottom of the tube. The supernatant, including the plug of material, was removed by aspiration, leaving 5 ml of sample Transfer sediment to a 200-ml centrifuge bottle. Centrifuge, and aspirate supernatant. Transfer sediment to a 50-ml centrifuge tube. Centrifuge, and aspirate to 5 ml. Add 15 ml of acid-alcohol and 10 ml of diethyl ether. Shake vigorously for 2 min. Allow gas to escape periodically. Centrifuge, and aspirate to 5 ml. Add 5 ml of 0.1 N H 2 SO 4 . Sieving II Pour supernatant through 38-m-mesh sieve. Rinse sieve using squirt bottle, concentrating eggs and any remaining sediment at the bottom edge. Wash material collected on sieve into a 50-ml centrifuge tube. Centrifuge, and aspirate to 5 ml. Add 40 ml of 0.1 N H 2 SO 4 . Centrifuge, and aspirate to 10 ml. Incubation Both Incubate at 26°C for 4 wk. Mix once per wk by hand. Transfer to Doncaster Disk. Count the eggs with and without larvae.
a All centrifugations were at 1,000 ϫ g for 5 min.
that included the sediment containing the eggs. The samples were in direct contact with the reagents for approximately 1 h. Finally, 5 ml of 0.1 N H 2 SO 4 was added to each 5-ml sample. For method II, there was no extraction step. The supernatant from the flotation step was poured through a 38-m-mesh stainless steel sieve to retain the eggs. The sieve was thoroughly rinsed with a water stream from a squirt bottle, concentrating the eggs and any remaining sediment at the bottom edge. The material collected on the sieve was washed into a 50-ml centrifuge tube by inverting the sieve and directing the water stream at the sample through the mesh. The sample was centrifuged, the supernatant was aspirated to a volume of 5 ml, and the tube was filled with 0.1 N H 2 SO 4 , centrifuged, and aspirated, leaving a final volume of 10 ml in the tube.
All of the cleaned sludge samples were incubated at 26°C for 4 weeks with loose caps to allow air exchange. The samples were mixed once a week by hand, and any evaporated liquid was replaced by adding distilled water. Before counting, the samples were treated with a dilute bleach solution to decolorize the eggs and facilitate observation of the larvae (the treatment also removed the outer mamillated layer of the eggshell from many of the eggs). To each sample, 10 ml of 10% household bleach was added. After 10 min, the tube was filled with distilled water and centrifuged, and the supernatant was aspirated. This rinsing step was repeated one more time to remove the residual chlorine, leaving a final sample volume of about 5 ml.
The samples were observed under ϫ100 magnification after transfer to a Doncaster Disk, which is a 9-cm-diameter clear plastic disk with circular wells. The entire volume of each sample was counted by dividing the sample into several aliquots. Eggs that contained fully developed larvae were assumed to be viable; all other eggs were assumed to be nonviable. The egg concentration was calculated by dividing the total number of eggs by the dry weight of the sludge, which was determined on a separate aliquot of each sludge sample by Standard Method 2540G (11) . The percent viability was calculated as the number of viable eggs divided by the total number of eggs, multiplied by 100.
Pure egg solutions. Samples of pure eggs in solution were subjected to 14 different treatments to test different reagents used in the flotation, extraction, and incubation steps of the procedure ( Table 2 ). The purpose of the different treatments was to isolate the effect of each individual reagent and relevant combination of reagents. Each treatment is representative of a step used to separate the eggs from other material in the sample and is based on the steps in the U.S. EPA method (22, 23) . Each treatment was repeated on five replicate samples.
A. suum eggs were purchased from Excelsior Sentinel Inc. (Ithaca, N.Y.). The company collected the intestinal contents of infected pigs, from which the eggs were separated and concentrated via serial filtration through stainless steel sieves. The eggs were stored in 0.5% formalin at 4°C for up to 6 months before being used in the experiments. A working egg solution with approximately 6,000 eggs/ml was prepared by suspending the eggs in a buffered salt solution. Individual samples were prepared by placing 1.5 ml of the working solution in 15-ml polypropylene centrifuge tubes, except for the samples that were treated with the flotation reagents, which were prepared by adding 1.5 ml of working solution and 1.5 ml of distilled water to 50-mL polypropylene centrifuge tubes.
In treatments 1 through 3 (Table 2) , different flotation solutions with specific gravity of 1.2 were tested: ZnSO 4 , MgSO 4 , and NaCl. To each 3-ml sample, 30 ml of reagent was added and the sample was thoroughly mixed and centrifuged. In all cases, the samples were centrifuged at 1,000 ϫ g for 5 min. The supernatant containing the eggs was poured into a 200-ml centrifuge bottle, and 170 ml of distilled water was added. After settling overnight, the supernatant was removed by aspiration and the sediment was transferred to a 15-ml centrifuge tube. The sample, including rinse water, was centrifuged, and the supernatant was removed, leaving 1.5 ml. (A 1.5-ml volume corresponds to approximately 2 mm of liquid volume above the cone of a 15-ml centrifuge tube. To each sample, 13.5 ml of 0.1 N H 2 SO 4 was added, the sample was centrifuged again, and the supernatant was removed by aspiration, leaving a final volume of 3 ml. For the extraction step, five different treatments and two different exposures were tested (treatments 4 through 11). Two hydrophilic reagents were tested, acid-alcohol solution and acetoacetic buffer (15 g of sodium acetate trihydrate per liter, 3.6 ml of glacial acetic acid per liter [pH ϭ 4.5]) (3), as well as two lipophilic reagents, diethyl ether and ethyl acetate. The reagents were tested alone and in combination ( Table 2) . To each 1.5-ml sample, 4.5 ml of the hydrophilic reagent and 3.0 ml of lipophilic reagent were added. The samples were shaken vigorously for 2 min and centrifuged, and the supernatant was aspirated, leaving 1.5 ml of sample. For the minimum exposure, the samples were processed immediately, whereas for the maximum exposure, the samples were left to sit for 30 min before being centrifuged. Thus, the length of time that the samples were in direct contact with the reagents was less than 30 min for the minimum exposure and about 1 h for the maximum exposure.
The exposure time was also affected by the residual concentration of reagents that remained in the 1.5-ml sample. For the minimum exposure, the samples were thoroughly rinsed to remove any residual traces of the reagents before incubation. To rinse the samples, 13.5 ml of 0.1 N H 2 SO 4 was added to the centrifuge tube and the samples were mixed and centrifuged and the supernatant was aspirated to a volume of 1.5 ml. The rinsing was repeated one more time. A total of 3 ml of liquid volume was left after the final aspiration. For the maximum exposure, 1.5 ml of 0.1 N H 2 SO 4 was added directly to the sample after treatment, which also resulted in a final volume of 3 ml. The maximum exposure used in the experiments with pure solutions of eggs was similar to the exposure that occurred in the sludge samples.
The purpose of treatments 12 through 14 was to test different solutions for incubating the eggs: distilled water, 0.1 N H 2 SO 4 , and 0.5% formalin. To each 1.5-ml sample, 13.5 ml of reagent was added, the sample was centrifuged, and the supernatant was removed by aspiration, leaving a final volume of 3 ml. (Note that except for the samples treated with distilled water and 0.5% formalin, all samples were incubated in 0.1 N H 2 SO 4 .)
The samples were incubated and treated with bleach before counting, as for the sludge samples. For enumeration, an aliquot from each well-mixed sample was placed on a glass microscope slide with coverslip and a minimum of 200 eggs were counted under the microscope and observed for the presence or absence of larvae. The counts were performed within 10 min, before pressure from the coverslip caused the eggs to rupture. The percentage of viable eggs was calculated by dividing the number of viable eggs by the total number of eggs observed and multiplying by 100.
RESULTS
Eggs from sludge samples. The percentage of viable Ascaris eggs and the total number of eggs recovered were significantly lower in all of the sludge samples treated by method I than in those treated by method II (Table 3 ). The percent viability measured by method I ranged from 0 to 34.5%, with an average of only 7.5%, whereas the percent viability measured by method II ranged from 0.2 to 66.4%, with an average of 24.7%. In addition to the lower percentage of viable Ascaris eggs, fewer total (viable and nonviable) eggs were recovered using method I. The concentration of total eggs measured by method I ranged from 40 to 116 eggs/g of total solids, with an average of 66 eggs/g, whereas the concentration measured by method II ranged from 65 to 225 eggs/g, with an average of 128 eggs/g. Thus, on average, the viability of the recovered eggs was 70% lower using method I and 48% fewer eggs were recovered using method I.
Pure egg solutions. The percentage of viable eggs in the pure egg solutions after treatment is reported in Table 4 . A one-way analysis of variance (ANOVA) model was used to determine if significant differences existed among the 14 different treatments (Minitab Statistical Software; Minitab Inc., State College, Pa.). The count data (viable or nonviable) were assumed to have a binomial distribution; thus, to achieve asymptotic normality (an assumption of ANOVA), the data were first transformed using the expression YЈ ϭ 2 arcsin ͱY where Y is the percent viability of the sample divided by 100. This transformation is recommended when the response variable is a proportion (15) . The ANOVA model confirmed that significant differences existed between the treatments (F ϭ 53.3, P Ͻ 0.001).
For post hoc analysis, Tukey's method was used to determine the nature of the differences between treatments (15). The results of testing all pairwise combinations are reported in Table 4 . No significant difference in percent viability was found between the treatments that are marked with the same letter (␣ ϭ 0.05); treatments that are marked with different letters were significantly different. A significant difference in the percentage of viable eggs was observed only among the three treatments that had a maximum exposure to acid-alcohol. In the samples treated with acid-alcohol alone, the percentage of viable Ascaris eggs decreased to 52.2%. In the samples that were treated with acid-alcohol plus diethyl ether or ethyl acetate, the viability decreased even further, to 26.5 and 4.0%, respectively. Although the diethyl ether alone did not decrease the viability of the eggs, even with a maximum exposure, a synergistic effect was observed when it was combined with the acid-alcohol. In all other treatments, the percentage of viable eggs ranged from 81.4 to 87.2%; it is concluded that none of these remaining treatments affected the viability of the Ascaris eggs. a In method I, samples were exposed to acid-alcohol solution and diethyl ether as per U.S. EPA (1992 and 1999), whereas in method II no exposure occured. The samples are listed in order of highest to lowest percent viability as determined by method II.
b Direct exposure to acid-alcohol and diethyl ether was for about 1 h, and the samples were incubated with an approximate residual ethanol concentration of 102 g/liter.
c A sieving step was substituted for the extraction step such that no exposure to acid-alcohol or diethyl ether occured.
d [(method I Ϫ method II)/(method II)] ϫ 100.
DISCUSSION
In the experiment with sludge samples, the difference between method I and II was the extraction step; in method I acid-alcohol and diethyl ether were used to extract the lipidsoluble and ether-absorbing material from the sample, whereas in method II this step was eliminated and replaced by passing the sample through a 38-m-mesh stainless steel sieve that retained the eggs. The lower percentage of viable eggs measured in the samples treated by method I demonstrated that exposure to the extraction reagents inactivated, on average, 70% of the Ascaris eggs (Table 3 ). In addition, because the concentration of eggs was 48% lower in the samples treated by method I, it appears that many of the eggs were not even recovered by method I. Possible explanations for the lower recovery are that some eggs were removed during the extraction step or that they were physically destroyed by the extraction reagents such that they were not visible by the time the samples were observed under the microscope. It should be noted that if a greater percentage of the eggs that were not recovered were nonviable (compared to the recovered eggs), then the observed percentage of viable eggs underestimates the actual number of eggs that were inactivated.
A wide range in egg concentration and percent viability was observed among the 13 independent sludge samples, whether measured by method I or method II, which reflects the heterogeneous nature of the sludge layer in wastewater stabilization ponds. (The sludge samples were taken from different locations throughout the pond and from different depths within the sludge layer; the egg concentration and viability varied according to the settling conditions in the pond and the age of the sludge.) The sample location and sludge age were not correlated, however, with the variation that was observed in the percent difference between paired sludge samples measured by method I compared to method II. One factor that could have contributed to this observed variation is that the initial 2 g of sample was collected from the original sample container and processed on different days for methods I and II. In future studies, it is recommended that (i) paired samples be processed together during the first three steps of the procedure and split at the point where the methods diverge and (ii) replicate samples be processed for each method. Nevertheless, the main finding of the experiment with sludge samples is evident-the reagents used in the extraction step significantly reduced both the number and viability of Ascaris eggs in the samples.
The results of the experiments on pure solutions of A. suum eggs provide further insight into the cause of inactivation. Consistent with the results of the sludge experiment, none of the reagents used for flotation (ZnSO 4 , MgSO 4 , and NaCl) or incubation (distilled water, 0.1 N H 2 SO 4 , and 0.5% formalin) had a significant effect on the egg viability (Table 4) . Furthermore, none of the reagents used for the extraction step caused inactivation of the eggs under the conditions defined as a minimum exposure. Under the maximum-exposure conditions, however, all three treatments that employed the acid-alcohol solution caused a significant decrease in egg viability. The acid-alcohol alone caused a significant decrease in egg viability, and when it was combined with diethyl ether or ethyl acetate, a synergistic effect was observed that caused an even greater decrease. Given that there was no decrease in the viability of samples incubated only in 0.1 N H 2 SO 4 , it appears to be the ethanol content (35%) of the acid-alcohol solution that caused the inactivation. No decrease in egg viability occurred from treatment with diethyl ether alone or in combination with acetoacetic buffer, even at maximum exposure. (The ethyl acetate was not tested alone, so it is not known whether it would decrease the egg viability by itself.)
Because the number of eggs in the pure solutions was not determined, it is not known whether the recovery of eggs was affected by any of the treatments. Thus, the parameter used to quantify changes in egg viability in the pure egg solutions (percent viability) may not provide an identical measure to the parameter used with the sludge samples (number of viable eggs). Under the conditions of this research, however, any bias introduced by the difference between these two parameters is believed to be minimal compared to the magnitude of the observed changes in egg viability. One implication of the results from the pure egg solutions is that ethyl acetate does not appear to offer any advantage over diethyl ether in terms of effect on egg viability. In fact, ethyl acetate caused an even greater inactivation of Ascaris eggs than did diethyl ether when combined with acid-alcohol at the maximum exposure. However, ethyl acetate is preferable in terms of safety and health (it is less flammable and less toxic than diethyl ether) and is as effective as diethyl ether at recovering Ascaris eggs from sludge (18) . More research is needed to determine the effectiveness of diethyl ether with other types of sample matrices.
It is believed that the observed decrease in egg viability from exposure to the extraction reagents was due to an increase in the permeability of the lipid membrane of the Ascaris eggs. Although both the acid-alcohol solution and diethyl ether have lipophilic properties, apparently the acid-alcohol was more effective at penetrating the Ascaris membrane. The absence of an effect from diethyl ether alone may be because it is not soluble in water. After mixing, the acid-alcohol and diethyl ether partitioned rapidly into separate phases, limiting contact of the eggs with the ether, whereas the acid-alcohol remained in contact with the eggs.
Response to a toxic substance is commonly modeled as a function of the dose, which is the product of the toxin concentration and the exposure time. This approach is often used to develop a quantitative dose-response relationship for a specific toxin or combination of toxins, and it can be applied to evaluate the inactivation of Ascaris eggs as a result of exposure to harmful reagents. The dose concept is also useful for elucidating a response to multiple exposures. Although insufficient data were collected in this research to develop a dose-response curve, a calculation of the ethanol dose can be used to determine at which point the greatest exposure of the eggs to ethanol occurred.
In the samples treated with acid-alcohol (treatments 5 to 9), exposure to ethanol occurred both during the extraction step and during the 1-month incubation period. During the extraction step, 4.5 ml of 35% ethanol solution was mixed with 3 ml of diethyl ether (or ethyl acetate) and 1.5 ml of sample. After mixing, two phases formed, with the diethyl ether (or ethyl acetate) floating on top of the acid-alcohol mixture containing the eggs. Thus, the concentration of ethanol in contact with the eggs after mixing was approximately 350 ml/liter ϫ 4.5 ml/ 6 ml ϫ 0.78 g/ml ϭ 205 g/liter. The resulting ethanol doses during the extraction step were 205 g/liter ϫ 0.5/24 day ϭ 4.3 g ⅐ days/liter and 205 g/liter ϫ 1/25 day ϭ 8.5 g ⅐ days/liter, in the samples with minimum and maximum exposures, respectively.
In the samples with a maximum exposure, 1.5 ml of incubation reagent (0.1 N H 2 SO 4 ) was added directly to the 1.5 ml of sample remaining after the extraction step, reducing the residual ethanol concentration by one-half, to 102 g/liter. Thus, during incubation the ethanol dose was approximately 102 g/l ϫ 28 days ϭ 2867 g ⅐ days/liter. In the samples with a minimum exposure, the rinsing steps resulted in a 100-fold dilution of the ethanol concentration. The resulting concentration during incubation was approximately 2 g/liter, resulting in a dose of 2 g/liter ϫ 28 days ϭ 57 g ⅐ days/liter.
The combined ethanol dose during the extraction and incubation steps in the samples with a minimum exposure was 62 g ⅐ days/liter, whereas the combined dose in the samples with a maximum exposure was about 2875 g ⅐ days/liter. Given that the minimum dose resulted in no response in the eggs, it is unlikely that the exposure of 8.5 g ⅐ days/liter during extraction in the samples with maximum exposure caused any inactivation of the eggs. It is concluded that the observed decrease in egg viability in the samples with maximum exposure was primarily due to the ethanol dose of approximately 2,867 g ⅐ days/liter that occurred during the 28-day incubation period.
A complete dose analysis would also account for the synergistic effect of the diethyl ether or ethyl acetate during the extraction step but is not undertaken here. It is proposed that the general protocol for dose analysis outlined above can be used to assess the response of helminth eggs to any reagent of interest. In particular, additional experiments are needed to determine the dose-response relationship of Ascaris eggs to ethanol, both alone and in combination with diethyl ether or ethyl acetate. From the dose-response relationship, the maximum allowable dose before inactivation occurs could be clearly defined.
The results of this study are important, given that a recommended exposure time to the extraction reagents is not stated in the U.S. EPA procedure, nor is a rinsing step required to remove residual traces of the reagents prior to incubation. The importance of the rinsing step depends, of course, on the residual volume of acid-alcohol solution that remains in the sample after the supernatant is removed following the final centrifugation and the volume of culturing solution that is added before incubation. These volumes may vary depending on the practices of each particular laboratory.
Based on the results of this study, it is recommended that helminth procedures that utilize acid-alcohol be modified to ensure that no inactivation of Ascaris eggs occurs. Three options are proposed. (i) Clearly state the maximum allowable exposure time to acid-alcohol and diethyl ether (or ethyl acetate), and include a rinsing step before incubation. For example, under the conditions of this study, the negative effect on viability was avoided by limiting the exposure time to the extraction reagents to 30 min and reducing the residual concentration of reagents in the incubation solution to 1/100 of the original concentration by a series of rinsing steps. (ii) Replace the reagents used during the extraction step with reagents that do not affect egg viability. For example, in this study the decrease in viability was avoided by using acetoacetic buffer instead of the acid-alcohol solution. However, more research is needed to compare the effectiveness of acid-alcohol and acetoacetic buffer for cleaning the sample. The ethanol in the acid-alcohol is believed to play a role in separating the eggs from the particulate matter in the sample and has been widely used for processing sludge samples. The acetoacetic buffer was developed to optimize the recovery of helminth eggs from feces (5), but a comparative study is needed on the effectiveness of these reagents with wastewater and sludge samples. (iii) Eliminate the phase extraction step. For example, the step can be eliminated by pouring the entire sample (after flotation) through a 38-m-mesh sieve; this option was used on the sludge samples in this study and has also been used by other researchers (D. D. Bowman and M. D. Little, Proc. Water Environ. Fed. Technol. Conf., 1998). One potential disadvantage with the 38-m-mesh sieve is that smaller eggs such as Trichuris pass through it and are lost from the sample (data not shown); however, the most recent U.S. EPA procedure aims only to recover the eggs of Ascaris (23) . In addition, the sieving step may be insufficient to clean samples that contain a high concentration of particles similar in size to the eggs (e.g., algae).
Ultimately, the most effective method for enumerating viable helminth eggs will be one that is flexible enough to account for differences in sample matrices and egg concentrations yet provides sufficient guidelines to preserve the viability of the eggs. To inform the development of such a method, more research is needed on the effectiveness of the various reagents employed.
